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Abstract
This paper presents a newly designed irradiation system for the photochemically triggered two-photon activation
of an agent loaded in novel intraocular lenses. After activation, this agent suppresses the formation of after-cataract,
a very common disease after the treatment of an eye cataract by implanting an intraocular lens. For this application,
intrinsic safety is also important: the laser radiation is applied to one of the most light-sensitive organs: the eye. This
has to be taken into account during development of the system. Moreover, the activation uses a two-photon process
so a relatively small laser focus is required. To address these issues in combination with economic requirements, a
mirror based objective was designed and built, speciﬁcally tailored to these needs. Besides the laser beam guidance
elements, the irradiation system consists of a camera based monitoring module and an illumination unit. While the
ﬁrst part of the paper shows the design of the system, the second part presents the results of the characterization of the
system. The paper closes with a conclusion and an outlook discussing what further development is needed to prepare
the system for treatments of human eyes.
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1. Introduction
Cataract surgery is one of the most frequent surgical interventions in Germany. More than 600.000 interventions
per year are carried out. The clouded native eye lens is replaced by an artiﬁcial polymer lens, a so-called intraocular
lens (IOL), to restore vision. However, a signiﬁcant part of the treated eyes develop a so-called after-cataract, also
posterior capsular opaciﬁcation (PCO), after some months or years: posterior capsular cells grow and the posterior
lens capsule becomes cloudy. The traditional approach to treat the PCO is to remove the this cloudy part of the
posterior capsule by Nd:YAG laser treatment. This approach has several disadvantages: ﬁrst, the laser radiation can
couple into the polymer lens and thus the polymer lens is destroyed. Furthermore, the Nd:YAG irradiation process
can cause retina detachments.
To overcome the disadvantages of the traditional method, a diﬀerent approach has been developed and described
by Kim et al. in [1] and Tra¨ger et al. in [2]: The implanted IOL is loaded with an agent which can be photochemically
triggered by UV light. However, UV light is almost completely blocked by the cornea so the release of the agent
cannot be triggered directly. Instead, a two-photon process is used: the IOL is irradiated with a frequency doubled
1Corresponding author. Tel: +49 9131 85 23256, Fax: +49 9131 85 23234, Email-address: Florian.Klaempﬂ@lpt.uni-erlangen.de
Florian Klämpfl
a,*
, Stephan Roth
b
, Michael Schmidt
a
*
Email-address: Florian.Klaempfl@lpt.uni-erlangen.de
c⃝ 2010 Published by Elsevier B.V.
Physics Procedia 5 (2010) 665–670
www.elsevier.com/locate/procedia
1875-3892 c⃝ 2010 Published by Elsevier B.V.
doi:10.1016/j.phpro.2010.08.097
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
/ Physics Procedia 00 (2010) 1–6 2
Nd:YAG laser (λ = 532 nm) with a high peak power intensity. Due to this, a signiﬁcant amount two-photon absorption
processes is triggered. The energy level reached by the this is enough to break the linkage of the agent to the polymer
and thus release the agent. In theory, daylight could also trigger a two-photon process but a two-photon process only
happens with a high possibility when high power intensities are applied. The intensity of daylight is too low to cause
a signiﬁcant number of two-photon processes. Due to the new approach of using a two-photon activation of an agent
from IOLs, a new irradiation system has been developed which is speciﬁcally tailored to the needs of this two-photon
process and its application. In this paper the design of this treatment system and its realization will be presented.
2. The system design
The treatment system consists of beam guiding elements for the laser, a vision system to allow the physician to
monitor the treatment process and an illumination unit. Together with the partners who developed the agent-loaded
IOLs and the physician, a more detailed speciﬁcation especially for the beam guiding unit has been developed taking
alse the needs of the two-photon process into account.
• The laser focus must have a size of less than 100 μm2. This is needed to get a suﬃcient power intensity to
trigger enough two-photon processes.
• The numerical aperture of the focusing objective should be approximately 0.5.
• The working distance should be no less than 25 mm.
• The central area and especially the macula should not be irradiated by laser light.
• The optical system should be usable for diﬀerent wavelengths.
• The system should contain a pilot laser.
Taking these requirements into account, the system design as shown in Fig. 1 has been chosen. The core of the
system is a mirror based objective. As described later, two diﬀerent mirror designs have been tested. The advantage
of a reﬂective focusing system is that it is usually cheaper than a refractive system. Furthermore, the geometry is not
wavelength-dependent; only the cladding might depend on the wavelength. The disadvantages of reﬂective systems
that they are either asymmetrical or cause shadowing of parts of the beam path do not pose any problem in this
application: the shadowing of the central part of the beam is desired to prevent irradiation of the macula.
Using a dichroitic mirror, the treatment and pilot beam are coupled into one beam path. Then the diameter of the
mixed beams is adapted by a beam expander to the needs of the focusing system. Above the focusing system the CCD
camera is placed. Two folding mirrors are used to allow the camera to show the treatment zone. The second folding
mirror is mounted on the back of one of the focusing mirrors so it causes no additional shadowing. The CCD camera
is protected by a green ﬁlter to prevent glare or damage by scattered laser irradiation. Around the beam exit of the
objective, the LEDs of the illumination unit are mounted.
For the objective two diﬀerent mirror designs have been considered. First, a Schwarzschild system consisting of
convex and concave spherical mirrors as described e.g. in [3] has been used. The second mirror design consists of a
cone mirror and a parabolic-like mirror as it is shown in the right part of Fig. 2.
The cone mirror widens the beam while the focusing is done by the parabolic-like mirror. This mirror is not a real
parabolic mirror but a mirror which consists of a part of a parable rotated by 90◦ and being rotationally symmetrical
to an axis going through the focal point of the parable. This is illustrated in the left part of Fig. 2. At this point,
one important advantage of the newly designed objective can be noted: it has no intrinsic loss of laser power as the
Schwarzschild design has. Assuming perfectly reﬂective mirrors, no laser power is lost due to shadowing. This is an
important advantage for a commercial realization of the system because a less powerful and thus less expensive laser
beam source can be used.
To determine the exact dimensions of the mirrors, ray tracing simulations with ZEMAX [4] and RAYTRACE [5]
had been carried out. The ray traces through the mirror and the eye when using the Schwarzschild system are shown
in Fig. 3. The eye model used in this simulation is described in [6] and [7]. The material of the eye lens has been set
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Figure 1: Design of the irradiation system
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Figure 2: Mirror design consisting of a cone mirror and a parabolic-like mirror
to PMMA to simulate the behavior of an IOL. The diameter of the surface of the convex mirror is 20.6 mm while it is
65.768 mm for the concave mirror.
As it can be seen from the image to the right of Fig. 3, the ray traced focus is almost diﬀraction limited ([8]) so it is
expected that it is possible to achieve in practice the required focal spot size of less than 100 μm2. The simulation also
shows that the most sensitive area of the retina, the macula, is protected against laser radiation. The system parameters
have been chosen to reach a NA of 0.5 as desired as well as the working distance of 25 mm. So the Schwarzschild
system fulﬁlls the needs of the speciﬁcation. Furthermore, it can be seen from the simulation that it is not possible to
choose a higher NA than 0.5 because in this case the iris would shadow the laser light.
To simulate the alternative lens design, RAYTRACE has been chosen because at the time when this work was
carried out, we were not able to simulate reliably the used lens geometry with our version of ZEMAX. The simulation
model is shown in right image of Fig. 4. The half-angle of the cone mirror is 45◦ and its diameter is 20 mm. The
parable segment of the focusing mirror follows the equation
y = 0.00625z2 + 40 z ∈ −58 . . . − 35. (1)
The simulation results in a focus diameter of 4.5 μm. This is not diﬀraction limited due to wavefront aberrations,
but it can be still be expected that in practice the desired focal point size of less than 100 μm2 can be achieved.
The requirements of an NA of 0.5 and the working distance of 25 mm are met as well. It cannot be seen from the
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Figure 3: Left: Ray tracing simulation with ZEMAX of the Schwarzschild mirror system; Right: Simulated focus spot
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Figure 4: Left: Ray tracing simulation with RAYTRACE of the alternative mirror system; Right: Simulated focus spot.
simulation model that the macula is not irradiated by the laser because RAYTRACE always uses a 3D simulation
model but it becomes clear from the design of the mirror system in Fig. 2 that the central area of the retina is not
irradiated.
So far, only an ideal lens system has been considered. However, in practice, such a system is never perfectly
adjusted. So the inﬂuence of maladjustments on the laser focus size has been simulated. Selected results of these
simulations are shown in Fig. 5.
As it can be seen from the diagram on the left side of Fig. 5, both designs are equally sensitive against radial mal-
adjustments of the relative positions of the mirrors. The side of Fig. 5 shows on the other hand, that the Schwarzschild
system is sensitive to axial maladjustments of the relative position of the mirrors while it makes no diﬀerence for the
alternative system. This is due to the mirror design: it makes no diﬀerence if the cone mirror is moved slightly along
the z axis as long as the rays hit the second mirror. This is a big advantage: it makes adjusting the mirrors easier
because the z-distance between the mirrors can be ignored.
Using the results of the simulation, a prototype of the irradiation system was designed and built. The assembled
prototype irradiation system is shown in Fig. 6. After the adjustment the prototype was characterized.
3. Characterization of the system
The characterization of the focusing objective is done using a Metrolux beam proﬁler equipped with a microscope
lens with a magniﬁcation of 40 resulting in a resolution of 0.124 ×0.124 μm2 which means that it is diﬀraction limited.
Fig. 3. Left: Ray tracing simulation with ZEMAX of the Schwarzschild mirror system; Right: Simulated focus spot 
Fig. 4. Left: Ray tracing simul tion with RAYTRACE of the alternative mirror system; Right: Simulated focus spot. 
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Figure 5: Inﬂuence of the relative position of the mirrors on the laser focus size
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Figure 6: The assembled irradiation system
The results of the characterization are shown in Tab. 1.
Schwarzschild system alternative system
transmitted power 33 % 89 %
focus area 83 μm2 < 100 μm2
focus diameter (semi-major axis) 5.9 μm < 10 μm
focus diameter (semi-minor axis) 4.5 μm < 10 μm
Table 1: Results of the focusing objective characterization
First, it can be seen that the transmitted power of the alternative system is signiﬁcantly higher than that of the
Schwarzschild system. This is due to shadowing of the center part of the laser beam by the Schwarzschild system.
The laser that was used has a Gaussian beam so it is obvious that shadowing the central part causes a major power
loss even if the shadowed area is only a small part of the whole beam proﬁle area. Secondly, both objective designs
fulﬁll the requirements of the speciﬁcation: the laser focus area is smaller than 100 μm2. One thing the table does
not show directly is the rather distorted intensity proﬁle of the laser focus of the alternative system. Only the focus
diameter values suggest this: it is not possible to measure exact values for the focus diameter, it is only possible to
say for sure that it is smaller than 10 μm. So it can be summarized that both systems can be used for the intended
application. The Schwarzschild system has a better and smaller focus while the alternative system has a higher power
transmission. An open question at this point is if the smaller focus or the higher power transmission induce a higher
two-photon absorption rate. However, due to the easier adjustment the alternative system is currently preferred.
After the systems were adjusted and characterized, they were used by our project partners to irradiate IOLs im-
planted in the eyes of hares. The pictures in Fig. 7 show images of the CCD camera during the treatment process. The
Fig. 5. Influence of the relative position of the mirrors on th laser f cus size 
Fig. 6. The assembled irradiation system 
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left picture shows the reﬂexion of the pilot laser beam during the adjustment of the eye to the irradiation system. The
picture in the middle shows the ring-shaped reﬂexion of the pilot laser beam during the treatment. In the right picture
the focal point of the camera has been slightly moved so the IOL can be recognized.
Figure 7: Camera views during treatment
The experiments of the project partners show that the irradiation process does no harm to the irradiated eye. This
is in accordance with eye safety calculations which were done in advance. Due to a typical irradiation laser power of
P = 200 mW, the whole process is potentially less dangerous than the conventional Nd:YAG incision of the capsule.
4. Conclusion and Outlook
In this article, we have shown an irradiation system for two-photon induced activation of agent in novel intraocular
lenses. The system is speciﬁcally designed for the application requirements. The experiments of the project partners
show that the system can be successfully used to irradiate IOLs implanted into the eyes of hares and that a release of
the agent loaded into the IOLs is possible.
For further development of the system, research on the two-photon absorption rate of the two mirror designs should
be carried out and a ﬁnal decision about the ﬁnal mirror design must be made. Then, a solution must be implemented
to move the irradiation system instead of the animal as it is done currently to scan the IOL volume to be irradiated.
Furthermore, to be able to test the system on IOLs implanted into human eyes, safety considerations must be taken
into account. This includes things like housing the system and implementing a motion detection system to enable an
automatic stop of the irradiation process if the patient moves too far.
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